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FOREWORD
The purpose of this paper is to present data, determined by one consistent
approach, on the thermodynamic properties of nitrogen and three nitrogen-oxygen
compositions and the dimensionless speed-of-sound parameter for each. These
properties have been calculated over a temperature range from 200 o to 1D, O00 o K
for a pressure range from l0-4 to lO 2 atmospheres. The data are presented in a
combination of Mollier charts and tables so that aerodynamic expansions can be
performed. The results, which agree closely with more rigorous calculations,
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SUMMARY . _-_
n re ed whlch show the e umlmbrlum thermo ___c_ro-e r i)/
Charts have bee p par " q " " " dyn " p p -/
ties of four nitrogen-oxygen mixtures, one of which approximates air (80 per- /
cent N 2 and 20 percent 02, by volume). The temperature range was from 200 ° to |
15,000 ° K and the pressure range, from 10 -4 to 102 atmospheres. The thermo- \
dynamic properties have been computed in closed form, starting from the approx-\
imate partition functions. // W  _] )
INTRODUCTION
One of the factors affecting the performance of the charring ablators
which are used as thermal protective structures on high-speed reentry vehicles
is oxidation. It has been shown in references I and 2 that oxidation varies
directly as the oxygen concentration and inversely as the enthalpy of the
environment.
In the actual reentry, the enthalpy is frequently higher than can be
attained in the usual arc-heated wind-tunnel ground facility. In order to sim-
ulate the same oxidation and its effects in such a facility, the oxygen concen-
tration must be reduced in direct proportion to enthalpy. These changes in
the ratio of oxygen to nitrogen require thermodynamic charts to evaluate the
desired aerodynamic characteristics.
In the present paper, Mollier charts of the equilibrium thermodynamic
properties for four nitrogen-oxygen mixtures are presented. These charts have
been prepared by using a generalized version of the procedure utilized by
Hansen (ref. 3). Only the essential equations required for complete under-
standing and computation are presented in the text. The more detailed presen-
tation and development of the equations and computation procedure can be found
in reference 3.
Pressure and temperature are plotted as a function of enthalpy and dimen-
sionless entropy. The temperature ranges from 200 ° K to 6,000 ° K at 200 °
increments and from 6,000 ° K to 15,000 ° K at 500 ° increments. Pressure ranges
from l0 -4 to lO 2 atmospheres with five equal divisions between orders of
magnitude.
SYMBOLS
An enthalpy scale is presented on all charts both in the U.S
Units and in the International System of Units, SI.























stoichiometric coefficients for species A i
chemical species
heat capacity per mol at constant pressure
heat capacity per mol at constant density
dissociation energy per molecule
energy per mol
energy per mol at zero absolute temperature
degeneracy of the jth state
Customary
Factors relating the two
and Bi, respectively
degeneracy of the nth electronic state
Planck's constant
enthalpy per mol
molecular moment of inertia, also ionization energy per molecule
Boltzmann constant
chemical equilibrium constant based on partial pressure
equilibrium constant for oxygen dissociation reaction
equilibrium constant for nitrogen dissociation reaction
equilibrium constant for atom ionization reactions
mass of gas particle
molecular weight





















concentration in moles per unit volume
pressure
reference pressure, i atmosphere
partition function
pQ where p is unit pressure
universal gas constant
entropy per mol




ratio of specific heats_ Cp/Cv
fraction of initial molecules of oxygen which are dissociated
fraction of initial molecules of nitrogen which are dissociated
fraction of atoms which are ionized
energy of the jth state
energy of the nth electronic state
vibrational frequency
density
volume percent of N 2 molecules in initial undissociated composition






index referring to molecule type
internal
indices referring to the contribution of translational, rotational,
vibrational, and electronic energy modes, respectively
FUNDAMENTAL RELATIONS
The thermodynamic properties of four mixtures of nitrogen and oxygen were
calculated on a hlgh-speed digital computer by using the method and equations
from Hansen (ref. 3). The program was generalized so that the initial concen-
tration of nitrogen and oxygen and the weight of the undissociated molecules
of each mixture were inputs. Therefore, the program allows complete flexibil-
ity for any mixture of nitrogen and oxygen.
The principal assumptions made for the thermodynamic calculations were the
same as Hansen (ref. 3) and are as follows: each gas species obeys the ideal
equation of state; individual diatomic molecules are rigid rotor-harmomic
oscillators; the reactions are nitrogen and oxygen dissociation and atomic
ionization; and formation of NO (nitric oxide) is neglected.
Partition Function
All the thermodynamic properties of a gas may be calculated from its par-




where cj is the energy of the jth state and gj is the degeneracy of the
Jth state. The total partition function may be expressed as a product
Q =  Qr%Qe (2)
The factors on the right-hand side of equation (2) are the partition func-
tions associated with the translational, rotational, vibrational, and elec-
tronic energy modes of the gas particle. From the method of statistical




Qr = qh 2
(4)
Ii - h-xv_'lQv= - ekT]
Qe = _ gn e-_
n:O
(6)
Values of all numerical constants and the complete partition-function
expression for each species are given in table I and appendix A_ respectively.
Equilibrium Constant
The reactions considered can be generalized by the following expression:
aiAi _ _ biBi
i i
(7)
where A i and Bi are the reactants and products_ respectively 3 and a i
b i are the corresponding stoichiometric coefficients.
and






and is related to the partition functions by (see ch. VIII of ref. 5)
=-_ + b i in Qp - ai In Qp A iin Kp RT
(9)
where Qp = pQ for p = unit value and
Z_Eo = _, bi Eo(Bi)- _, ai Eo(Ai)
is the zero-point energy difference between the products and the reactants_




The equation of state will be defined as
p__-zaT (ll)
P M o
where Z is the molecular weight ratio Mo/M. If el is the volume fraction
of initial molecules that are dissociated into oxygen atoms, e2 is the volume
fraction of initial molecules that are dissociated into nitrogen atoms_ and e3
is the volume fraction of original atoms that are ionized after dissociation is
completed_ then the molecular-weight ratio is
Z = i + e I + e 2 + 2e3 (12)
The reactions are now assumed to be independent and to follow in sequence.
The 02 dissociation is assumed to be complete prior to N2 dissociation and all
dissociation to be complete prior to any ionization. The initial percentages
of nitrogen and oxygen are taken as _N 2 and 902, respectively. 0nly three
major components exist at relatively low temperatures: molecular nitrogenj
molecular oxygen, and atomic oxygen. The equilibrium constant for the oxygen
dissociation reaction can be equated to the oxygen partial pressures expressed
in terms of 902 and e1. The first dissociation fraction is then given by
+ + o2 +
eI = (13)
The limit where e I = 0 is the condition of no dissociation.
When the oxygen approaches complete dissociation el_902 the nitrogen
dissociation begins. The second dissociation fraction is similarly expressed
by
As e2 approaches the limit 9N2, the dissociation of nitrogen is also com-
plete and the ionization of the atoms begins. For the consideration of atomic
6
ionization, it is assumed that the atoms are of a single homogeneous species,
because the ionization potential of the oxygen and nitrogen atoms is approxi-
mately equal. The ionization fraction is thus
l+ P k-1/2
where the equilibrium constant Kp, 3 is taken as a population-weighted average
of the constants for the nitrogen and oxygen ionization reactions; that is,
Kp,5 : q:_N2 Kp(N-->N++e -) + q:<)2 Kp(0_0++e-) (16)
The component mol fractions of the gas mixture are
_02 - cI
x02 = Z (17)
_N2 - c2
XN2 = Z (18)







XN++O + = xe_ = --_- (21)
Partial Derivatives
The derivatives of Zx i will be required and it can be seen from equa-
tions (17) to (21) that the derivatives of Zxi are proportional to _Cl/_T ,
_2/_T, and _3/_T. From equations (13), (14), and (16) the partial deriva-
tives of Cl_ c2, and c3 at constant pressure are
d in Kp,l
C)elh = dT (22)
/p 2 1 + i
Cl i + cI _02 - eI
7
2¢2
d in Kp, 2
dT




The derivatives of Zx i

















d in Kp, I i
dT T
2+ i




Pd In Kp, 2 i
dT T
__2 + i
¢2 q_N2 - ¢2
(31)
d Z_ _P,3 1
__3) dT T2 1
P ¢5 + i - _5
(52)
It follows that the expressions for the derivatives of Zx i at constant den-
sity can be expressed the same as equations (25) to (29) except that the
constant-pressure subscript is replaced by the constant-density subscript.
THERMODYNAMIC PROPERTIES
Pure Gas
According to statistical mechanics (for example, ch. VIII of ref. 5), the
energy and enthalpy per mol of pure gas are given by
E - E o (_ in Q) (33)
RT =T _T p
(34)
The energy and enthalpy per mol of gas due to translation and electronic exci-











For the molecular case the contributions of the rotational and vibrational
energy must also be included. According to equations (4) and (5) the
expression
lehv iI-I
r+w _ _ -
(37)
should be added to equations (35) and (36).
The specific heat per mol at constant density of pure gas is
°(_) =2+t+e 2
E n







For the diatomic molecules
(38)
(Cv'int-_ = 1 + _hw ,_2(sinh hv _-2 (39)( )r+v 2kTj
should be added to equation (38). The specific heat per mol at constant pres-
sure of a pure gas is
Cv +
(_)t+e = (R-)t+e i (4o)
The entropy is




Once the preceding relations have been determined the thermodynamic prop-
erties of the mixture follow readily.
lO
The energy per mol of mixture, in the nondimensional form_ is simply
R-_: Z _ (42)
i
and the dimensionless enthalpy per initial mol is
ZH : ZE + Z (43)
RT RT
The entropy per mol is obtained from the entropies of the components by use of
' x i in x i - ]_n P--I
i
(44)
The specific heat at constant volume is given by
ZCv I(SZE_ _ _ T _, (Ei._(3Zxi_
-z- : : z xi +
i i
(45)
The corresponding specific heat for constant pressure is
(46)
The ratio of specific heats 7 is used to obtain the dimensionless speed-of-
sound parameter which is given by
i + T 8Z
a2° : _ (47)
P m _z
DESCRIPTION OF CHARTS
The preceding equations have been used in a computer program to solve for
the equilibrium thermodynamic properties of four nitrogen-oxygen mixtures. The
ll
temperature ranges from 200° to 15,000° K and the pressure ranges from lO-4 to
lO2 atmospheres. The data are presented in charts and tables. The charts "
appear just as they camefrom the computer-plotting system, which accounts for
the minor waviness in someof the curves.
Included on the plots of enthalpy against entropy are lines of constant
temperature and pressure. Molecular-weight ratio Z is plotted as a function
of temperature with lines of constant pressure shown. Constant-density lines
are not included. The density can be computedfrom the equation of state.
Figure i is a key for all the thermodynamic charts. Figure l(a) shows the
range of enthalpies and entropies to be found in the first 17 charts of each
mixture and figure l(b) shows the range of temperature and molecular-weight
ratio Z to be found in the succeeding 4 charts (charts 18 to 21) for each
composition. The curves used for reference on figure 1 are for the mixture of
80 percent N2 and 20 percent 02. The pressure divisions are noted only one
time on each chart, but the divisions are consistent throughout all the data
as five equal divisions between orders of magnitude.
Data for each composition are presented in thermodynamic charts and in
reference tables of the ratio of specific heats 7 and the dimensionless
speed-of-sound parameter a2p/p. The tables for each composition are placed
immediately after the charts for the samecomposition. Data for lO0 percent N2
are given in figure 2 and table II; for 97 percent N2 and 3 percent 02, in fig-
ure 3 and table III; for 90 percent N2 and lO percent 02, in figure 4 and
table IV; and for 80 percent N2 and 20 percent 02, in figure 5 and table V.
Figure 6 is a comparison of the degree of difference between the enthalpies of
the two end-point compositions as a function of temperature at 1 atmosphere of
pressure.
ACCURACYOFRESULTS
The data presented for N2 in figure 2 and table II show close agreement
with the data in reference 6. A maximumdeviation in any parameter is less
than 1.0 percent up to the temperature range where the double-ionization reac-
tion occurs in reference 6. Since only single ionization was considered in the
present paper, these data for higher temperatures are not comparable. A devia-
tion of several percent exists at these higher temperatures.
Since essentially the sameprogram used in reference 3 was used to obtain
the data presented in figure 5, the results agree within about 0.5 percent.
The specific heat ratios in table V also agree within about 0.5 percent with
those of reference 3. The values of dimensionless speed-of-sound parameter,
however, deviate from those in reference 3 by as muchas 4 percent in the tem-
perature range of nitrogen ionization. This difference is attributed to an
omission of a factor of 2 in the ionization fraction of equation (A86) of ref-
erence 7 which is the basic program used in reference 3.
12
There are no data with which to comparefigures 3 and 4 and tables III
and IV but since the sameprogram was checked at the end-point compositions it
is assumedthat the results are as valid as those for i00 percent N2 and for
80 percent N2 and 20 percent 02. It should be noted that because of the
unchanging limits of corresponding charts for each mixture, chart 4 of figure 2
has been omitted since no data for that mixture fell within the limits.
Langley Research Center_
National Aeronautics and SpaceAdministration_




The following equations for the pressure-independent partition functions,
where temperature is in °K_ were used in the calculations of the thermodynamic
properties for nitrogen-oxygen mixtures:
.339__o_Qp(_2):__T_o.42_inl-o_J
( 1Qp(02)=__+o.ll-_ -e +in3+2o_ +o
_22._._8_8326 22800 4e_oo1
in Qp(0) = _ in T + 0._0 + in 5 + 3e T + e T + 5e T + e
4 _277ooin Qp(N) = _ in T + 0.30 + in + lOe T
4 38600
in Qp(0 +) = _-ln T + 0.50 + in + lOe T + 6e
Ii _70.6









in Qp(e') = _ in T - 14.24
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(a) Enthalpy as a function of entropy.


















































































Figure 2.- Thermodynamic charts for i00 percent N2.
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Figure 2.- Thermodynamic charts for i00 percent N 2. Continued.
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NOTE: No data appear on chart 4 for this composition.
Chart 4


































































































































Figure 2.- Thermodynamic charts for i00 percent N 2. Continued.
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Figure 2.- Thermodynamic charts for i00 percent N2. Continued.
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Chart 19
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Figure 2.- Thermodynamic charts for i00 percent N 2. Concluded.
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TABLE II.- THERMODYNAMIC PROPERTIES OF lO0 PERCENT N2
(a) Ratio of specific heats 7
T, Pressure, atmospheres_ of -






















































































































































































































































































































































TABLEII.- THEEMODYNAMICPROPERTIESOFlO0 PERCENT2 - Concluded
(b) Dimensionlessspeed-of-soundparameter a2p/p
Pressure, atmospheres,of-
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Figure 3.- Thermodynamic charts for 97 percent N 2 and 3 percent 02 . Continued.
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6,000 7,000 8,000 9,000 lO,O00
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Figure 3.- Thermodynamic charts for 97 percent N 2 and 3 percent 02. Concluded.
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TABLE Ill.- THERMODYNAMIC PROPERTIES OF 97 PERCENT N2 AND 3 PERCENT 02














































































































































































































































































































































































TABLE III .- THERMODYNAMIC PROPERTIES OF 97 PERCENT N2 AND 3 PERCENT 02 - Concluded


















































Pressure, atmospheres_ of -
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80 84 88 92 96 100 104 108 112 116 120
Dimensionless entropy
Chart 12
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Dimensionless entropy
Chart 13
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Dimensionlessentropy
Chart 15
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Figure 4.- Thermodynamic charts for 90 percent N 2 and i0 percent 0 2. Continued.
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Figure 4.- Thei_nodynamic charts for 90 percent N 2 and i0 percent 02 . Continued.
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6,000 7,000 8,000 9,000 i0,000
Temperature,OK
Chart 20
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Figure 4.- Thermodynamic charts for 90 percent N2 and lO percent 02. Concluded.
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TABLE IV.- THERMODYNAMIC PROPERTIES OF 90 PERCENT N 2 AND i0 PERCENT 02







l, 200 1. 3272
i, 400 i. 3178
i, 600 i. 3110
i, 800 i. 3059
2,000 i. 3018





3, 200 i. 2656
3, 400 i. 2568
3,600 i. 2495
3,800 i. 2440
4, 000 i. 2415
4,200 i. 2417
4,400 i. 2441
4, 600 i. 2478
4, 800 i. 2519
5, 000 i. 2553
5,200 i. 2571
5, 400 i. 2565
5,600 i.2530





8, 000 I. 2345
8,500 i.2589
9, 000 i. 2834
9,500 i.2995
i0, 000 i. 3026
i0, 500 i. 2953
ii, 000 i. 2855




13, 500 i. 2784
14, 000 i. 2788
14, 500 i. 2800
15,000 i. 2827
Pressure, atmospheres, of -




























































































































































































































































































TABLE IV.- THEEMODYNAMIC PROPERTIES OF 90 PERCENT N2 AND i0 PERCENT 02 - Concluded
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Dimensionless entropy
Chart 3
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Dimensionless entropy
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Figure 5.- Thermodynamic charts for 80 percent N 2 and 20 percent 02. Continued.
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Figure 5.- Thermodynamic charts for 80 percent N 2 and 20 percent 02. Continued.
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Figure 5.- Thermodynamic charts for 80 pereent N 2 and 20 percent 02 . Continued.
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Figure 5.- Thermodynamic charts for 80 percent N 2 and 20 percent 02 . Concluded.
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TABLE V.- THERMODYNAMIC PROPERTIES OF 80 PERCENT N 2 AND 20 PERCENT 02
(a) Ratio of specific heats 7
T, Pressure_ atmospheres_ of -
oK


























































































































































































































































































































































































TABLE V.- THEEMODYNAMIC PROPERTIES OF 80 PERCENT N2 AND 20 PERCENT 02 - Concluded
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